The specific contributions of human adenovirus type 5 early region 1B (E1B) proteins were examined using mutants which synthesize these products individually. In cooperation with E1A, transformation of primary baby rat kidney cells was achieved with either the 176R protein or 496R protein alone, albeit at an efficiency considerably less than that observed when both were present. These results indicate that transformation mediated by either E1B product can proceed independently, but that the processes involved are additive.
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The E 1B region of human adenoviruses encodes multiple transcripts (Perricaudet et al., 1979; Bos et al., 1981; Virtanen & Pettersson, 1985) . The major early 2.2 kb mRNA of adenovirus type 5 (Ad5) encodes both a 176 residue protein (176R) from a translation initiation site at nucleotide 1714, and a 496 residue product (496R) in a different reading frame from an internal site at nucleotide 2017 (see Fig. 1 ). Other E1B mRNAs encode 84R, 156R and 93R proteins which share 79 amino-terminal residues with 496R (Anderson et al., 1984; Virtanen & Pettersson, 1985; Lewis & Anderson, 1987 ; S. Brown, D. Takayesu & P. E. Branton, unpublished results). 176R affects DNA stability (White & Stillman, 1987) , is acylated (Grand et al., 1985; McGlade et al., 1987) , and is phosphorylated at Ser 164 (McGlade et al., 1989) . Mutations in 176R frequently yield a phenotype (termed cyt/deg) characterized by rapid cell lysis and degradation of viral and cellular DNA (Mak & Mak, 1983; Pilder et al., 1984; Subramanian et al., 1984; White et al., 1984) . 496R has been implicated in both the accumulation of viral mRNAs (Babiss et al., 1985; Pilder et al., 1986; Leppard & Shenk, 1989 ) and the late shut-off of host protein synthesis (Babiss & Ginsberg, 1984) . The function of other E1B products is unclear.
The roles of individual E 1B proteins in transformation have still not been clearly established; earlier studies implicated both 176R and at least the amino-terminal portion of 496R (reviewed in Branton et al., 1985) . More recently, some transformants were produced using DNA from plasmids capable of encoding the complete sequence of either of these products alone (Bernards et al., 1986; White & Cipriani, 1990) , although, using virions, 176R appeared to be indispensable (Chinnadurai, 1983; Bernards et al., 1986; Barker & Berk, 1987) . Using mutants constructed to eliminate translation of 176R or 496R selectively, Barker & Berk (1987) found that both of these were required for virion-and DNA-mediated transformation of CREF cells. In contrast to these studies on Ad5 and Ad2, the Ad 12 product equivalent to 176R was shown to be either fully dispensable or fully necessary, depending on the particular type of rat cell employed (Edbauer et al., 1988) .
To study the roles of individual Ad5 E 1B products, we have produced mutants which synthesize 176R or 496R alone. The initiation codons of each gene were eliminated by oligonucleotide-directed mutagenesis and, to prevent synthesis of truncated products, downstream mutations were also introduced (see Fig. 1 ). For the 176R gene, the codon for the only other Met residue (Met 120) was altered to that of Arg, whereas an in-frame stop codon was introduced in the 496R coding region at the codon for Val 77, just downstream of Met 75, the third Met residue of this protein. These changes should also block production of the 496R-related proteins, 84R, 93R and 156R. Mutations were introduced singly and in combination into plasmid pXC38 which contains EIA and E1B, and into Ad5 virions, To examine synthesis of Ad5 E1B proteins, cells were infected with wild-type (wt) Ad5 (dl309) or one of the mutants, and labelled with 100 ~tCi [35S]methionine or [3SS]cysteine (Amersham; specific activities 1300 Ci/ mmol) from 16 to 18 h post-infection (p.i.). Cell extracts were immunoprecipitated as described previously (McGlade et al., 1987) We examined the replication of these mutants in human KB cells and found that mutants affecting 176R all replicated as well as wt Ad5, whereas those affecting 496R yielded plaque titres 100-to 1000-fold lower (data not shown). These results confirm that 496R but not 176R is essential for virus replication in cultured cells. The levels of E1A products and the 72K E2A DNAbinding protein produced by mutants affecting 176R were comparable to those of wt Ad5, whereas with those affecting 496R, and in particular pm2250, some reduction of these products and 176R was observed at later times p.i. (data not shown). Large plaques and extensive D N A degradation typical of the cyt/deg phenotype were observed with pm1716/2072, which is completely defective for 176R, but not with wt AdS, pm2072, or mutants affecting 496R (data not shown). We also tested mutant pm2204, in which the codon for the phosphorylation site at Ser 164 had been altered to that of Asn without affecting the coding sequence for 496R (McGlade et al., 1989) , and found no significant D N A degradation (data not shown).
To examine the individual abilities of 176R and 496R to cooperate with E1A in oncogenic transformation, primary baby rat kidney (BRK) cells were transfected with D N A from plasmids containing E 1A and mutant or wt E 1B sequences. This traditional form of transformation assay was chosen to avoid the use of immortalized cell lines and the cytotoxic effects of virus infection. The number of transformants produced in several experiments using different D N A preparations was determined and expressed as a percentage of the number obtained using wt E1B. Table 1 shows that plasmid pXC38, which contains both E1A and wt EIB, induced transformants at high levels. Such was not the case with E1A alone in the absence of E1B sequences (pLE2), indicating that under the conditions of this assay system (horse serum and low calcium), transformation was dependent upon E1B products. With both p1716 and p1716/2072, which fail to produce 176R, a significant reduction in the number of foci was observed (37 and 2 4~ that of pXC38, respectively). [Details of tests of significance have been included in the legend to Table 1 .] Plasmid p2072 (Met 120 to Arg) produced foci at a level approaching that of pXC38 (78 ~). These results suggest * Cells from kidneys of 6-day-old Wistar rats were transfected with 5 ~tg plasmid DNA using a modified calcium phosphate-DNA coprecipitation technique (Graham & van der Eb, 1973) . Following 2 or 3 weeks in culture, transformed foci were visualized by Giemsa staining. Plasmid pLE2 (Jelsma et al., 1988) was used to determine the effect of E1A in the absence of the entire E1B region. The results of several separate experiments using independent plasmid DNA preparations are shown.
t Analysis of variance at the 95 ~ confidence level of the number of foci per dish in individual experiments using Student's t-test indicated that transformation by p1716, p1716/2072, p2250 and p2019/2250 was significantly reduced relative to that by pXC38, that by p1716/ 2072+p2019/2250 and pXC2204 was not significantly reduced, and that by p2702 and p2019 was reduced at borderline significance.
:~ The average number of foci per dish in individual experiments with pXC38 varied from 29 to 45. that although 176R is functionally important, transformation at reduced efficiency occurs with 496R alone. Transformation was also significantly reduced (26~o of pXC38) with plasmid p2019/2250, which produces no 496R-related products. Plasmid p2250, which appears to yield a protein containing the first 77 residues of 496R, generated foci at a level only slightly higher than p2019/2250 and significantly lower than pXC38 (46~). These data suggest that in the presence of 176R, 496R is not necessary for transformation. Plasmid p2019 transformed cells at an efficiency approaching that of pXC38 (77 ~), although no 496R-related products appeared to be produced (Fig. 3) . Barker & Berk (1987) demonstrated that internal initiation occurs with a mutant containing a stop codon just downstream of the normal translation start site of 496R. It is possible that p2019 encodes a similar protein that is highly unstable or produced at very low levels, but which is nevertheless capable of contributing to the transformation process. We have used many approaches to detect this truncated form of 496R but have not been successful. Cotransfection with DNA from p1716/2072 and p2019/2250 (which supplied 176R and 496R from separate plasmids) also produced transformants at an efficiency not significantly different from that of pXC38 (73 ~).
Previous studies (McGlade et al., 1989) have suggested that a mutant containing Asn in place of Set 164, the phosphorylation site of 176R, produces some reduction in transformation. To study this effect more precisely, this mutation was introduced into plasmid p2019/2250, which fails to express 496R. Table 1 shows that this construct, pXC2204 (p2019/2250), transformed at least as efficiently as p2019/2250, which expresses wt 176R in the absence of 496R. These results suggested that phosphorylation of Ser 164 does not affect the transforming function of 176R.
This study indicates that, although the efficiency is significantly reduced, independently both 176R and 496R are sufficient to cooperate with E1A in the transformation of primary BRK cells. The implication of these results is that 176R and 496R must induce transformation independently, but by processes which, when acting coordinately, increase the efficiency of focus formation. These proteins are completely dissimilar in sequence and intracellular location, suggesting very different biochemical functions. Further understanding of the specific functions of E1B products would be greatly aided by the availability of mutants throughout the coding sequences of 176R and 496R. The mutants generated in the present study should be ideal for this purpose as mutations can be introduced without concern for overlapping coding sequences.
